High-velocity self-aerated flows are described as "white waters" because of the entrained air bubbles. The air entrainment induces a drastic change in the multiphase flow structure of the water column and this leads to significant bubble-turbulence interactions, turbulence modulation and associated mixing processes impacting on the bulk flow properties. In these high-velocity free-surface turbulent flows, the phase-detection needle probe is a most reliable instrumentation. The signal processing of a phase-detection probe is re-visited herein. It is shown that the processing may be performed on the raw probe signal as well as the thresholded data. The latter yields the time-averaged void fraction, the bubble count rate, the particle chord time distributions and the particle clustering properties within the particulate flow regions. The raw probe signal analysis gives further the auto-correlation time scale and the power spectrum density function.
INTRODUCTION
In hydraulic engineering, high-velocity self-aerated flows are often described as "white waters" because of the entrained air ( Fig. 1 ) (RAO and KOBUS 1971 , WOOD 1991 , CHANSON 1997 . The air entrainment is caused by turbulence acting next to the air-water free-surface. Through the interface, air is continuously being trapped and released, and the air-water mixture may extend to the entire (air-) water column. Air bubble entrainment requires the turbulent shear stress to be large enough to overcome both surface tension and buoyancy effects (ERVINE and FALVEY 1987, CHANSON 2013a) . Experimental evidences showed that the free-surface of turbulent flows exhibits some surface "waves" with fine-grained turbulent structures and larger underlying vortices, and air entrainment may result from the action of high intensity turbulent shear close to the free-surface (BROCCHNI and PEREGRINE 2001, CHANSON 2009 ). The air entrainment . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088 /1742 -2132 (ISSN 1742 (ISSN -2140 .
2 induces a drastic change in the (gas-liquid) flow structure and its distribution within the water column that have direct implications in terms of turbulence modulation, bubble-turbulence interactions and associated turbulent mixing processes (BOMBARDELLI 2012 , CHANSON 2013b (Table 1 ). This interest is associated to frequent citations of very early contributions. For example, the experimental study of STRAUB and ANDERSON (1958) was cited 22 times between 2001 and 2014; its re-analysis by WOOD (1983) was cited 11 times over the same period (source: Web of Science™).
Despite some recent studies (CHANSON 2002 , CHANSON and CAROSI 2007 , FELDER and CHANSON 2015 , the interpretation of air-water flow data in high-velocity self-aerated flows remains poorly understood. In this contribution, the basic data processing methods are reviewed and discussed to show readily accessible information on air-water flow properties. The performances of a number of signal processing techniques applied to phase-detection conductivity probe signals are compared. It is the purpose of this contribution to show the large amount of available information using electrical needle probes.
INSTRUMENTATION AND MEASUREMENT PROCESSING Presentation
Most high-velocity air-water flows are characterised by large amounts of entrained air ( Fig. 1 & 2) . Figure 1 shows some prototype applications and Figure 2 presents some laboratory experiments under controlled flow conditions. In these flows, the void fractions range from a few percents to nearly 100% in the upper spray region, and the ratios of flow velocity to bubble rise velocity are commonly greater than 10 to 20. Classical measurement techniques are adversely affected by the presence of air bubbles and air-water interfaces, and they can produce highly inaccurate readings: e.g., pointer gauge, Pitot tube, acoustic Doppler velocimeter (ADV), laser Doppler anemometer (LDA), particle image velocimetry (PIV) (JONES and DELHAYE 1976, CHANSON 2013b) . When the void fraction C, or liquid fraction (1-C), exceeds about 1 to 3%, the most reliable metrology is the intrusive phase detection needle probes, notably the optical fibre probe and conductivity/resistivity probe (CARTELLIER and ACHARD 1991 , BACHALO 1994 , CHANSON 2002 although new flow visualization techniques may allow qualitative and quantitative observations (MOSSA and TOLVE 998, LEANDRO et al. 2012) . Intrusive probes are designed to pierce bubbles and droplets and their design is typically based upon the needle probe design developed by BANKOFF (1963,1965) . Such probes have been used for over 50 years, including some milestone prototype measurements on the Aviemore Dam spillway in New Zealand (CAIN and WOOD 1981a,b) . . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088 /1742 -2132 (ISSN 1742 (ISSN -2140 .
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The principle behind the optical fibre probe is a change in optical index between the two phases (CARTELLIER 1992, CARTELLIER and BARRAU 1998) . The conductivity/electrical probe works based upon the difference in electrical resistivity between air and water (HERRINGE 1973 , SERIZAWA et al. 1975 ). There are a number of needle probe designs: single tip, dual-tip, three-tip and four-tip probes. Herein the focus is on the response of both single sensor and dual-tip probe operation.
Signal processing
In a bubbly flow, the basic two-phase flow characteristics are the void fraction and bubble density. The void fraction is defined as the volume of air per unit volume of air and water. The bubble density is the number of bubbles per unit volume. Some volume-averaged measurements are feasible with Gamma-ray and tomography, although these equipments are cumbersome and expensive.
In contrast, a needle probe is a phase-detection system which provides a point measurement of the timevariation of air or water presence (Fig. 3) . Figure 3A shows a typical probe output. Each vertical signal drop corresponds to a water-to-air interface being pierced by the probe tip. Although the probe signal should be theoretically rectangular, the probe response is not exactly square because of the finite size of the tip, the wetting/drying time of the interface covering the tip and the response time of the probe and electronics.
With a needle probe, the sensor size must be small compared to the typical air/water chords, to detect the successive passage of air-water interfaces. When the slip velocity is small compared to the convection velocity, as in high-velocity self-aerated steady flows, the cumulative air chord time per unit time equals the time-averaged void fraction C and the air-water phase detection equals the instantaneous void fraction c:
where N is the number of samples and c is the instantaneous void fraction: c = 0 (water) or 1 (air).
Dual-tip probe and signal analysis
With a dual-tip phase-detection probe, also called double-tip probe (Fig. 4) , the interfacial velocity may be analysed from the successive detection of the same interfaces by the probe sensors. In very-low void and liquid fractions, some signal pattern recognition may be used to record the spatially-averaged travel time of each interface between the sensors, albeit based upon some assumptions (LIU and BANKOFF 1993) . A more appropriate technique in free-surface turbulent flows is based upon a cross-correlation technique WOOD 1981a, CROWE et al. 1998) . The time-averaged interfacial velocity V is calculated from the crosscorrelation function between the probe signals.
where T is the average interfacial travel time between the sensors corresponding to the time lag of the maximum cross-correlation function (R xy ) max and x is the distance between probe sensors (Fig. 4) . . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088 /1742 -2132 /2/S74) (ISSN 1742 (ISSN -2140 .
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The shape of the auto-and cross-correlation functions may provide further characteristics, including the cross-correlation time scales (Fig. 4B ) and the turbulence intensity (CHANSON and TOOMBES 2002a , CHANSON and CAROSI 2007 , FELDER and CHANSON 2014 .
Effects of sampling rate and duration
The effects of sampling frequency and duration were tested in a number of studies using the single-threshold technique. Table 2 regroups the main characteristics of studies conducted in high-velocity self-aerated flows, including the instrumentation and flow conditions. It summarises the key findings in Table 2 (Last column).
A key outcome is that the effects of sampling rate and duration differ significantly depending upon the type of two-phase flow parameter. Generally the void fraction is a robust parameter, least affected by the sampling conditions. On the other hand, the bubble count rate, turbulence intensity, correlation time scales and clustering properties are more sensitive to the sampling parameters.
BASIC SIGNAL ANALYSES Presentation
A number of phase discrimination techniques were developed, including single-threshold, double-threshold, signal slopes and signal curvatures (LANCE and BATAILLE 1991 , CARTELLIER 1992 , CUMMINGS 1995 . A simple signal analysis is based upon the single threshold technique and Figure 3 illustrates a typical application. The probability distribution function (PDF) of the raw probe signal is bi-modal (Fig. 3B ). In self-aerated free-surface flows, a very robust technique is the single-threshold technique, with a threshold set at 50% of the air-water range for all elevations (TOOMBES 2002, CHANSON and CAROSI 2007) . The single threshold level is defined relative to the air-water range which is determined by the signal voltage modes. Some very early studies linked the threshold level to the local void fraction as discussed by JONES and DEHAYE (1976) . For example, a low threshold may be used in bubbly flows with very fine bubble sizes ). The effects of threshold level on the air-water flow properties were tested (HERRINGE and DAVIES 1974 , TOOMBES 2002 , CHANSON and FELDER 2010 , FELDER 2013 , WUTHRICH and CHANSON 2014 , FELDER and CHANSON 2015 . The results showed little effect for a threshold between 40 and 60% of the air-water range. This threshold level must be applied to all the data set. Figure 3A illustrates the application of the 50% threshold to a truncated signal. The thresholded signal is the instantaneous void fraction c with a square-wave shape between 0 and 1 (Fig. 3A , Red). Sometimes, short events are not recorded as interfacial changes. A number of more advanced phase discrimination technique are discussed by JONES and DELHAYE (1976) and CARTELLIER and ACHARD (1991) (also CHANSON and BRATTBERG (1998), RENSEN et al. (2005) and BUNG (2012)).
The thresholded signal, or time variation of instantaneous void fraction, is used to calculate the void fraction, bubble count rate, air and water chord time distributions and particle clustering properties. In a steady . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088/1742-2132/13/2/S74) (ISSN 1742-2140).
5 stationary flow, the time-averaged void fraction C is the arithmetic mean of the instantaneous void fraction (Eq. (1)). The bubble count rate F is the number of bubbles (i.e water-to-air interfaces) detected by the probe sensor per second. For the entire record illustrated in Figure 3 , this yields C = 0.389 and F = 63.5 Hz.
When C < 0.3 to 0.4 as for the data set shown in Figure 3 , the air-water flow consists typically of air bubbles surrounded by a water medium. The normalised probability distribution function of bubble chord times is presented in Figure 3C , in which the histogram columns represent the probability of a bubble chord time in 0.4 ms intervals: e.g., the probability of a chord length from 0.4 to 0.8 ms is represented by the column labelled 0.4. The experimental data showed a broad range of bubble chord times. The PDF was skewed with a preponderance of small chord times compared to the mean and it exhibited a similar shape to a number of standard PDFs including the Gamma, Weibull and log-normal PDFs, as previously documented in selfaerated free-surface flows TOOMBES 2002a, TOOMBES and .
The streamwise distribution of air and water chord times may provide some information on particle clustering. The notion of particle clustering is only meaningful in a particulate flow: that is, in the bubbly flow region (C < 0.3) and spray region (C > 0.7) of self-aerated flows, following CHANSON and TOOMBES (2002a) . A cluster of particles is defined as a group of two or more particles, with a distinct separation from other particles before and after the cluster. The study of particle clustering is relevant in industrial applications to infer whether the cluster formation frequency responds to some particular frequencies of the flow (NOYMER 2000 , HEINLEIN and FRITSCHING 2006 , CALZAVARINI et al. 2008a ). The clustering index may provide a measure of the vorticity production rate and associated energy dissipation, while the level of clustering may give some indication of the magnitude of bubble-turbulence interactions and associated turbulent dissipation. Considering a group of two bubbles, the trailing particle may be in the near-wake of and affected by the lead bubble. For a bubble rising in still water, the wake length is about 0.5 to 2 times the particle size at large-particle Reynolds numbers (CLIFT et al. 1978) . The near wake clustering criterion is very effective because it relies on a comparison between the local characteristic flow times (CHANSON 2002b , CHANSON et al. 2006 , GUALTIERI and CHANSON 2010 .
Following CHANSON et al. (2006) , two successive bubbles are defined as a cluster when the trailing bubble is separated from the lead bubble by a water chord time smaller than one leading bubble chord time. A typical result is presented in Figure 3D in terms of the PDF of number of bubbles per cluster. Overall 60.4% of bubbles were in some cluster structure, with an average of 2.8 bubbles per cluster for this data set. Note that this approach is restricted to the longitudinal distribution of particles and does not take into account particles travelling side by side or a group of spatially distributed particles. A recent numerical study showed that the longitudinal signal analysis may be representative of the three-dimensional flow (CALZAVARINI et al. 2008b) , while an experimental study of two-dimensional clustering highlighted some complex interactions between entrained air and turbulent structures (SUN and CHANSON 2013) .
Some further signal analysis of the raw voltage may yield the auto-correlation time scale and the power spectrum density function. The autocorrelation function provides some information on the air-water flow 
where R xx is the normalised auto-correlation function and  is the time lag. Figure 5A presents some typical auto-correlation functions and the data analysis results are given in the figure caption.
A Fourier spectral analysis gives additional information on the frequency distribution of the signal that is related to the air+water time scale distribution. Considering the bubble striking at the probe sensor as a stochastic process, the auto power spectrum may provide some information on the stationarity and periodicity of the signal GONZALEZ 2004, GONZALEZ 2005) . Figure 5B illustrates some typical results.
The above analyses of phase-detection probe signal do not assume any particular gas-liquid structures and may be applied across the entire water column independently of the time-averaged void fraction. An implicit assumption is the flow steadiness, although some different signal processing techniques were developed to study air entrainment in pulsating flows (FELDER and CHANSON 2014, WANG et al. 2014) , periodic breaking waves (HWUNG et al. 1992 , COX and SHIN 2003 , HOQUE and AOKI 2005 and unsteady rapidly-varied flows like dam break waves (CHANSON 2004 (CHANSON ,2005 and bores (LENG and CHANSON 2015) .
Advanced signal analyses
The standard deviation of the instantaneous void fraction is:
The instantaneous void fraction c is either 0 or 1: namely, c = 1 for a proportion of time/data equals to the time-averaged void fraction C. This gives a relationship between the root mean square of the instantaneous void fraction and the time-averaged void fraction (MURAI et al. 2006 ):
Equation (5) In a number of free-surface aerated flows, the relationship between time-averaged void fraction and bubble count rate follows in first approximation TOOMBES 2002a, TOOMBES and :
where F max is the maximum bubble count rate in the cross-section, typically observed for C = 0.4 to 0. 
The result indicates that the void fraction root mean square is maximum for F = F max .
A more advanced theoretical relationship between time-averaged void fraction and bubble count rate was introduced (TOOMBES 2002, TOOMBES and :
where  and  are two correction factors which are functions of the local void fraction and flow conditions, and C Fmax is the void fraction for which F = F max . The first correction parameter α accounts for the different average sizes of air bubble chord size λ a and water droplet chord size λ w :
with the ratio λ w /λ a assumed to be constant within a cross-section and independent of the void fraction. The second correction factor β takes into account the variation of λ w and λ a with the void fraction:
where b is a characteristic value of the maximum variation of β: i.e., (1-b) < β < 1 (TOOMBES and CHANSON 2008) . Typical values of λ w /λ a and b were documented in self-aerated stepped chute flows (TOOMBES 2002 , GONZALEZ 2005 , TOOMBES and CHANSON 2008 , BUNG 2009 , FELDER 2013 , WUTHRICH and CHANSON 2014 and hydraulic jumps (WANG 2014) . Experimental data are presented in Figure 6 , in which they are compared with Equations (6) and (8).
In self-aerated free-surface flows, the power spectrum distribution (PSD) of the raw probe signal may can be roughly divided in two zones, corresponding to two straight lines with different slope s1 and s2:
where f is the frequency and f c is a characteristic frequency. Equation (11) characterises the total energy in the signal due to the largest length scales, and Equation (12) 8 rate. Some typical data are included in Figure 5 for a hydraulic jump and details are provided in the figure caption.
PHYSICAL MODELLING, DIMENSIONAL CONSIDERATIONS AND SIMILARITY
In high velocity free-surface flows, the entrainment of air bubbles may be localised at a flow discontinuity or continuous along an air-water free-surface (KOBUS 1984 , WOOD 1991 , CHANSON 1997 . These two dominant modes are often called singular and interfacial aeration respectively. Examples of singular aeration include the air bubble entrainment by a hydraulic jump and plunging jet (Fig. 1B & 2A) . Interfacial aeration is defined as the air bubble entrainment process along an air-water interface, usually parallel to the flow direction ( Fig. 1D & 2B) . Any fundamental analysis of such free-surface flows is based upon a large number of relevant equations to describe the two-phase turbulent flow motion. Physical modelling may provide some information on the flow motion if a suitable dynamic similarity is selected (NOVAK and CABELKA 1981, LIGGETT 1994) . The relevant dimensional parameters include the air and water physical properties and constants, the boundary conditions, the inflow and tailwater conditions, and the local two phase flow properties at a location (x, y, z) within the free-surface turbulent shear flow (WOOD 1991) . Note that the flow is assumed to be steady herein.
Considering the singular aeration at a hydraulic jump in a smooth horizontal rectangular channel (Fig. 7A) , a simplified dimensional analysis yields: (13) where v' is a characteristic turbulent velocity, L t an integral length scale, T t a integral time scale, D ab a characteristic bubble size, N c the number of bubble clusters per second, d 1 the inflow depth, V 1 the inflow velocity, x the longitudinal coordinate, y the vertical elevation above the invert, z the transverse coordinate measured from the channel centreline, g the gravity constant,  and  the water density and dynamic viscosity respectively,  the surface tension between air and water, x 1 the longitudinal coordinate of the jump toe, W the channel width, v 1 ' a characteristic turbulent velocity at the inflow,  the boundary layer thickness of the inflow. Equation (13) expresses the air-water flow properties at a position (x,y,z) within the jump roller as functions of the inflow properties, fluid properties and channel geometry using the upstream flow depth d 1 as the relevant length scale. In the right hand side of Equation (13), the 4th, 5th and 6th terms are respectively the upstream Froude number Fr 1 , the Reynolds number Re and the Morton number Mo. In a hydraulic jump, the momentum considerations demonstrate the significance of the inflow Froude number (BÉLANGER 1841 , LIGHTHILL 1978 and the selection of the Froude similitude derives implicitly from . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088/1742-2132/13/2/S74) (ISSN 1742 (ISSN -2140 . 9 basic theoretical considerations (LIGGETT 1994 , CHANSON 2012 . The Froude dynamic similarity is commonly applied in the hydraulic literature (BAKHMETEFF and MATZKE 1936 , HAGER 1992 , CHANSON and CHACHEREAU 2013 . The Reynolds number is another relevant dimensionless number because the hydraulic jump is a turbulent shear flow (ROUSE et al. 1959 , RAJARATNAM 1965 , HOYT and SELLIN 1989 . When the same fluids (air and water) are used in models and prototype as in the present study, the Morton number Mo becomes an invariant and this adds an additional constraint upon the dimensional analysis.
For the interfacial aeration of a skimming flow on a stepped spillway (Fig. 7B) , basic dimensional considerations yield: transverse coordinates, h and l the step height and length respectively, W is the channel width, g the gravity acceleration, θ the chute slope, k s ' the equivalent sand roughness height of the step cavity boundary surface.
In Equation (14), the dimensionless discharge d c /h is proportional to a Froude number defined in terms of the step height: d c /h = (q/(gh 3 ) 1/2 ) 2/3 , while the 5th and 6th dimensionless terms are the Reynolds and Morton numbers respectively.
For both singular and interfacial aeration processes, it is physically impossible to fulfil simultaneously the Froude, Reynolds and Morton similarity requirements, unless working at full scale. In practice, laboratory studies are conducted with air and water: that is, the same fluids are used in model and prototype implying a Morton similitude, while free-surface flows are studied based upon a Froude similarity (HENDERSON 1966 , LIGGETT 1994 . Thus the Froude and Morton dynamic similarities are simultaneously used, but the Reynolds number is underestimated in laboratory conditions. A number of studies indeed showed that the free-surface aeration is affected by adverse scale effects in small size models (RAO and KOBUS 1971, CHANSON 1997) .
Discussion
A small number of systematic studies performed on geometrically similar models based upon the Froude and Morton similitudes showed clearly the limitations of dynamic similarity and physical modelling of freesurface turbulent shear flows (MURZYN and CHANSON 2008 , FELDER and CHANSON 2009 , PFISTER and HAGER 2010 , CHANSON and CHACHEREAU 2013 . The study outcomes demonstrated that the selection of any criterion to assess scale affects is a critical issue: e.g., the distribution of void fraction, . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088/1742-2132/13/2/S74) (ISSN 1742 (ISSN -2140 .
10 bubble count rate, turbulence intensity and many more. Any mention of scale effects must be associated with the detailed list of tested parameters and tested flow conditions (CHANSON 2009, SCHULTZ and FLACK 2013) . Experimental data showed that a number of properties, including bubble sizes, turbulent scales and clustering characteristics, are affected by scale effects, even in 2:1 to 3:1 scale models. No scale effect is observed at full scale only, using the same fluids in prototype and model: i.e., in prototype flow conditions.
The effects of surfactants, biochemicals and water temperature on the air entrainment process and two-phase flow properties were neglected in the above developments. Some experimental data showed some significant effect on the air-water flow properties which were implicitly ignored in the above equations (REIF 1978 , CHANSON et al. 2006 , POTHOF et al. 2013 , SALTER et al. 2014 , CALLAGHAN et al. 2014 . The effects of intrusive probe sensors were further neglected, although findings with phase-detection needle probes suggested a non-negligible impact on the detection of small bubbles (CHANSON and TOOMBES 2002b , GONZALEZ 2005 , VEJRAZKA et al. 2010 ).
In Equations (13) and (14), the Reynolds number was selected instead of the Weber number because the study focuses on the scaling of free-surface flows in prototype hydraulic structures with Reynolds numbers from 10 6 to in excess of 10 9 (Fig. 1) . At such large Reynolds numbers, surface tension is considered of lesser significance compared to the viscous effects in free-surface turbulent shear flows (CAIN and WOOD 1981b , WOOD 1991 , ERVINE 1998 . Note that the Froude and Morton similarities imply: We  Re 4/3 .
CONCLUSION
In high-velocity free-surface turbulent flows, the flow is most often highly aerated ( Fig. 1 & 2) and the phase-detection needle probe is the most reliable instrument to characterise thoroughly the two-phase airwater flow properties throughout the air-water column. The signal processing of a needle probe is reviewed and it is shown that the processing may be performed on both the raw probe signal and thresholded data. The former gives further the auto-correlation time scale and the power spectrum density function. The thresholded signal analysis yields the time-averaged void fraction, the bubble count rate, the particle chord time distributions and the particle clustering characteristics within the particulate flow regions.
The results bring new details on the turbulent nature of these complex two-phase free-surface flows. Further developments are needed, including experimental, numerical and theoretical analyses. Laboratory studies under controlled conditions may deliver new information using dynamically similar models. The outcomes of recent systematic experimental studies indicated that (1) the notion of scale effects must be defined in terms of some specific set of air-water flow property(ies) within well-defined testing conditions, and (2) some free-surface flow characteristics are more prone to scale effects than others, even in large-size physical facilities. Future research must consider field measurements of high quality, because no prototype data means no definite validation of physical, numerical and theoretical models. It is believed that the bubbleturbulence interactions in free-surface flows will remain a key challenge for the 21st century. . "Phase-Detection Measurements in Free-Surface Turbulent Shear Flows." Journal of Geophysics and Engineering, Vol. 13, No. 2, pp. S74-S87 (DOI: 10.1088/1742-2132/13/2/S74) (ISSN 1742 (ISSN -2140 .
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